Objective: To investigate the association between habitual fish consumption and a continuous measure of glycaemia. Design: Cross-sectional study. Setting: EPIC-Norfolk, a population-based cohort study of diet and chronic disease. Subjects and methods: In all, 4500 men and 5509 women, aged 40-78 y, without self-reported diabetes. Diet was assessed by a semiquantitative food frequency questionnaire, and glycaemia was measured by glycated haemoglobin. Results: In women only, in analyses adjusted for age, the HbA 1c level was positively associated with eating fried fish and inversely associated with eating oily fish (b ¼ 0.036, 95% confidence interval (CI): 0.0033, 0.069; and b ¼ À0.046, 95% CI:À0.086, À0.0064 respectively). These associations were attenuated by adjustment for family history of diabetes, smoking status and physical activity level, but the association with fried fish remained statistically significant (b ¼ 0.033, 95% CI: 0.00056, 0.066). Adjusting for total energy, alcohol, fruit and vegetable intakes resulted in further attenuation and both associations were no longer statistically significant. In men, there was no evidence that HbA 1c level was associated with fish consumption. Conclusions: The study found no evidence of an association between fish consumption and HbA 1c after taking other lifestyle factors into account.
Introduction
The observation that communities eating a traditional diet rich in fish experience low rates of chronic disease (Kromann & Green, 1980; Young et al, 1992) gave rise to a large body of research investigating the health benefits of fish consumption. The protective effects of fish consumption have been attributed to the long-chain n-3 polyunsaturated fatty acids contained in fish, particularly eicosopentanoic and docosahexanoic acids. A beneficial association between fish eating and glycaemia may be a consequence of the incorporation of the n-3 fatty acids into cell membranes since the dietary fatty acid profile is reflected in the fatty acid content of skeletal muscle phospholipid membranes (Storlien et al, 1996) . Insulin sensitivity is positively related to the proportion of long-chain polyunsaturated fatty acids present in the cell membranes (Borkman et al, 1993) . Animal experiments have also demonstrated a positive effect of n-3 fatty acids on insulin sensitivity (Vessby, 2000) . However, fish oil intervention studies of people without diabetes have found no evidence of a beneficial effect on insulin sensitivity (Grundt et al, 1995; Toft et al, 1995; Lovegrove et al, 1997; Chan et al, 2002) , and in one study of hyperlipidaemic patients, 4 g/day of fish oil was associated with an increase in fasting insulin (Mori et al, 2000) . Similarly, intervention studies suggest that there is no effect of fish oil on blood glucose levels in nondiabetic people (Grundt et al, 1995; Toft et al, 1995; Lovegrove et al, 1997) , although in hyperlipidaemic patients, fish oil was associated with an increase in fasting plasma glucose (Mori et al, 2000) .
Any health benefits of fish consumption may also be attributable to other constituents of fish. Recent research in animal models suggests that protein subtypes may influence the action of dietary fats (Lavigne et al, 2001; Tremblay et al, 2003) . Rats fed high-fat diets were insulin resistant when their source of protein was casein or soy, but were not insulin resistant when the protein source was cod. The dietary cod protein appeared to be a natural insulinsensitising agent.
There is limited evidence relating fish consumption to glycaemia in nondiabetic populations. Most of the evidence is observational and the reported associations are inconsistent. Consumption of salmon and seal oil among Alaska Natives (Adler et al, 1994) was associated with a lower risk of impaired glucose tolerance. Habitual intake of a small amount of fish in an elderly population of Dutch men and women (Feskens et al, 1991) was associated with a reduced risk of developing impaired glucose tolerance and type 2 diabetes. However, in population-based studies of adult Inuit and Quebecers, positive associations between marine diet (Bjerregaard et al, 2000) or plasma phospholipid n-3 fatty acids (Dewailly et al, 2001a, b) and blood glucose have been reported. A weight loss intervention study reported that daily fish consumption had no independent effect on blood glucose levels (Mori et al, 1999) . We undertook an analysis of the cross-sectional association between fish consumption and a continuous measure of blood glucose, glycated haemoglobin (HbA 1c ), in a Western population of men and women, aged 40-78 y, without known diabetes.
Methods

Study population
The people in this study were participants in the Norfolk arm of the European Prospective Investigation of Cancer (EPIC), an international multicentre cohort study designed to investigate the relation between diet and cancer (Riboli & Kaaks, 1997) . The Norfolk study broadened its scope to include chronic diseases other than cancer. Approval for the study was obtained from the Norfolk Local Research Ethics Committee.
EPIC-Norfolk is a population-based cohort study, which recruited volunteers from March 1993 to the end of 1997 from general practices in the city of Norwich and surrounding small towns (Day et al, 1999) . All individuals in the age range 40-74 y in each participating general practice were invited to take part. Those who consented were requested to attend the study clinic for a health check. Of the 77 630 individuals contacted, 39% consented to take part and 25 631 (33%) attended the health check. The recruitment target was 25 000 participants. The measurement of HbA 1c began in November 1995, midway through recruitment of the cohort. The subcohort selected for this analysis comprises all individuals who had HbA 1c measured.
Data collection
Volunteers completed a detailed health and lifestyle questionnaire. It included questions on personal and family history of diabetes, smoking, diet and physical activity. Three questions addressed the respondent's personal history of diabetes: whether they had ever been told by a doctor that they had diabetes; whether they had modified their diet in the past year due to diabetes; and whether they followed a diabetic diet. A positive response to any of these questions was taken as an indication of prevalent diabetes. Family history of diabetes was covered in a question asking whether any of the respondent's immediate family had diabetes. The age at which diabetes was diagnosed in mother, father and/or siblings was recorded. Smoking was derived from the questions asking whether they had ever smoked as much as one cigarette a day and whether they were current smokers. The weekly consumption of fresh fruit and vegetables was reported. A four-point physical activity index was used, which combined occupational activity and recreational physical activity (hours per week in cycling and other recreational activity) (Wareham et al, in press ).
Volunteers completed a semiquantitative food frequency questionnaire (FFQ), designed to assess habitual diet in the past year, before attending the health check. The FFQ was based on the questionnaire developed for the US Nurses Health Study (Willett et al, 1985) . The frequency categories remained unchanged, but taking information from the British National Food Survey (National Food Survey Committee, 1982) , the lists of foods were modified to reflect the important sources of nutrients in the average British diet. Energy and nutrient intakes were estimated by converting food intakes reported in the FFQ into grams using software developed for use by the EPIC-Norfolk study. The FFQ included questions regarding the consumption of fried fish, white fish and oily fish. The FFQ had been validated by comparison with 16-day weighed food records (Bingham et al, 1997) .
Research nurses at the EPIC-Norfolk clinic carried out standardised health checks. Anthropometric measurements were taken with participants dressed in light clothing and without shoes. Height was measured to the nearest 0.1 cm using a stadiometer, and weight was measured to the nearest 100 g using Salter scales. Body mass index (BMI) was calculated as weight (kg)/height 2 (m). Waist circumference was measured to the nearest 0.1 cm at the smallest circumference between the ribs and iliac crest with the volunteers standing with abdomen relaxed, or at the level of the umbilicus if there was no natural waistline. Hips were measured to the nearest 0.1 cm at the maximum circumference between the iliac crest and the crotch. The waist:hip ratio (WHR) was calculated from these measures. Of those attending the health check, 95% consented to have blood taken. A sample of EDTA-anticoagulated blood was taken for HbA 1c measurement. The blood was stored in a refrigerator at 4-71C until it was transported at ambient temperature to be assayed, within 1 week of sampling. The HbA 1c assays were undertaken using high-performance liquid chromatography on a Bio-rad Diamat (Richmond, CA, USA) (Standing & Taylor, 1992) . The coefficient of variation was 3.6% at the lower end of the range (mean 4.9%) and 3.0% at the upper end of the range (mean 9.8%).
Statistical analysis
Participants with self-reported diabetes were excluded from the analysis since it is probable that they would have changed their diet after diagnosis, or would have altered how they reported it. Food frequency questionnaires were excluded if 10 or more lines had not been completed. Three types of fishFfried fish, white fish and oily fishF were considered. Fish consumption was placed into two categories representing non-and occasional fish eaters (less than one portion of fish per week), and regular fish eaters (one or more portions per week). All analyses were stratified by sex. The associations between the potential confounding variables, age, family history of diabetes, smoking status, physical activity level, total energy intake, alcohol, green leafy vegetables and fruit intakes, WHR and BMI, and the exposures and outcome were examined. Linear regression methods were used to investigate the relation between HbA 1c and the consumption of fish in a series of models. The simplest model included only fish intake. The final models were adjusted for age, family history of diabetes, smoking status, physical activity, total energy intake, alcohol, fruit, green leafy vegetables, BMI and WHR.
Results
Of the 11 140 participants who had HbA 1c measured, 351 (3. 2%) reported having diabetes. The mean HbA 1c of people reporting diabetes was 7.6% (s.d. 2.02), and of those remaining in the study it was 5.2% (s.d. 0.67). After excluding those with self-reported diabetes and those with incomplete data, 10 009 participants remained in the study. In total, 4% of the study population did not eat any type of fish. Apart from women eating oily fish, mean HbA 1c was similar for those eating fish regularly and for those eating less than one portion per week (Tables 1-3) . However, regular fish eaters tended to be older. Adjusted for age, regular fried fish eaters had higher HbA 1c than those eating less than one portion per week, whereas regular white fish eaters tended to have lower HbA 1c (Figure 1 ), demonstrating that substantial confounding existed between fish consumption and age. In women only, regular oily fish eaters were slightly younger and had significantly lower HbA 1c (Table 3 and Figure 1 ). Of the potential confounding variables, age, smoking status, total energy intake, alcohol, fruit and green leafy vegetable intakes were most consistently associated with fish consumption. Eating fried fish regularly was associated with higher BMI, WHR and total energy intake, and with lower fruit and vegetable intakes. White fish and oily fish consumptions were associated with higher total energy, alcohol, fruit and vegetable intakes, and with lower proportions of current smokers and physically inactive people. Tables 4 and 5 summarise the study population's characteristics by quintiles of HbA 1c . For the majority of characteristics, there were significant trends across the quintiles of HbA 1c , and the trends were similar for men and women. Age, BMI, WHR and, in women only, total energy intake were greatest in the top quintile of HbA 1c , while alcohol intake was lowest in this quintile. A larger proportion of the least physically active people were in the top quintile of HbA 1c . Among men, the proportion of current smokers was significantly higher in the top quintile of HbA 1c , while the proportion of men consuming at least one portion of fruit was greatest in the lowest quintile of HbA 1c . In women, there was an inverse association between oily fish intake and the quintile of HbA 1c .
The linear regression models (Table 6 ) indicated that in men there were no statistically significant associations between HbA 1c and the consumption of fish. In women, fried fish consumption adjusted only for age was positively associated with HbA 1c (b ¼ 0.036, 95% CI: 0.0033, 0.069). The association was attenuated by also adjusting for family history of diabetes, smoking status and physical activity level, but remained statistically significant (b ¼ 0.033, 95% CI: 0.00056, 0.066). After further adjustment for total energy, alcohol, fruit and green leafy vegetable intakes, the association between HbA 1c and fried fish intake was no longer significant. Oily fish consumption adjusted for age was strongly associated with HbA 1c in women (b ¼ À0.046, 95% CI: À0.086, À0.0064). However, the association was no longer statistically significant after adjusting for family history of diabetes, smoking status and physical activity level.
Discussion
This study investigated the cross-sectional association between the habitual consumption of three categories of fish and HbA 1c , in a population of men and women without selfreported diabetes. There was evidence that women who consumed at least one portion of fried fish per week had higher HbA 1c than women who ate little or no fried fish, while women who consumed at least one portion of oily fish per week had lower HbA 1c than women who ate little or no oily fish. However, these associations were subject to confounding by other lifestyle factors and were no longer statistically significant in multiple regression models adjusted for age, family history of diabetes, smoking status, physical activity, total energy, alcohol, fruit and green leafy vegetable intakes. The trends in Figure 1 and the results from the regression analyses suggested that the association between HbA 1c and fried fish consumption in men was similar to that in women, but in men the association was not statistically significant. The EPIC-Norfolk study is a population-based cohort study with characteristics similar to those from nationally representative samples (Day et al, 1999) . The individuals in this analysis included all those in EPIC-Norfolk who did not report having diabetes, had HbA 1c measured and had complete data. Consequently, there is little evidence of selection bias in this population. Chance was unlikely to be an explanation for the associations observed in this large study.
The major issues affecting the inferences that can be drawn from this study are likely to be confounding, and the potential for residual confounding in those variables assessed with relative imprecision. Age was an important confounding variable, but the direction of confounding differed between types of fish intake and for white fish consumption was not consistent between men and women. There was also evidence of confounding with smoking status, physical activity, obesity and the dietary variables, total energy, alcohol, fruit and green leafy vegetable intakes.
The association between exposure and outcome may also be affected by measurement error. Fish consumption was assessed by FFQ. Respondents were asked to indicate how often, on average, they ate a medium serving of, for example, fried fish over the past year. The interpretation of 'medium serving' provides scope for interindividual variation, which will result in some reporting error. If this error is random, it will tend to attenuate the relations between variables. However, there is some evidence from validation studies that obese people are more likely to under-report their dietary intake (Bingham & Nelson, 1991) , and such systematic differences in reporting would introduce bias into the results. In reporting fish consumption, participants may have misclassified the type of fish eaten, which would also result in effect sizes being underestimated. Seasonal differences in the composition and total amount of fatty acids contained in fish may obscure the distinction between 'oily' and 'white' fish (Soriguer et al, 1997) . Since 'white' fish contains little fat compared with 'oily' fish, these fluctuations in fat content may lead to misclassification in terms of the fatty acid content of the fish.
This study highlighted the importance of distinguishing between the categories of fish. The positive association between HbA 1c and fried fish consumption may partly be ascribed to the oil used to fry the fish, and possibly to the British habit of eating fried fish with chips. Eating fried fish regularly may also be a marker for a lifestyle that is associated with higher HbA 1c . In this population, regular fried fish eaters tended to have higher BMI, WHR and total energy intake, and lower intakes of alcohol, fruit and vegetables. In men, a higher proportion of regular fried fish eaters were current smokers. Previous studies of this cohort have reported on the benefits of moderate alcohol consumption, fruit and vegetable consumption and the detrimental effect of smoking on HbA 1c (Sargeant et al, 2001a,b; Harding et al, 2002) .
Among women, eating oily fish was inversely associated with HbA 1c , although the effect was not independent of other lifestyle factors. Regular oily fish eaters had a lower proportion of the least physically active people and current smokers, and tended to have higher total energy, alcohol, fruit and vegetable intakes. Eating oily fish regularly may represent one component of a 'healthy' lifestyle. However, Habitual fish consumption and glycated haemoglobin A-H Harding et al eating oily fish may also represent 'health awareness' and could then be affected by reporting bias. A beneficial effect of oily fish consumption would be consistent with the hypothesis that the long-chain polyunsaturated fatty acids found in oily fish are the active agents in the protective effect of fish. However, these fatty acids may not be the only constituents of fish with health benefits.
Establishing the population determinants of glycaemia is important, since there is evidence that the risk of cardiovascular disease increases throughout the range of HbA 1c (Singer et al, 1992; Khaw et al, 2001) , and hyperglycaemia is a risk factor for type 2 diabetes (National Diabetes Data Group, 1996; Unwin et al, 1998 ). An expert workshop that reviewed the health effects of n-3 fatty acids concluded that eating one portion of fish per week compared with eating no fish may reduce the risk of fatal coronary heart disease by approximately 40% (de Deckere et al, 1998) . In our study, fish consumption was associated with other dietary and (11) 103 (12) 118 (12) 102 (13) 109 ( (25) 236 (28) 262 (26) 258 (33) 303 ( (8) 80 (9) 111 (11) 121 (16) 147 (18) o0.001 Total energy intake (kJ) 9070 (2440) 9330 (2620) 9220 (2535) 9430 (2690) nondietary factors, and may be a marker for different lifestyles. The associations observed suggest that, among women, oily fish consumption may be beneficial for HbA 1c levels when it is part of a healthy lifestyle characterised by increased physical activity, higher levels of fruit and vegetable intake, moderate alcohol consumption and no smoking. Data are regression coefficients for fish intake of at least one portion per week, with 95% confidence intervals in parentheses, for (i) the basic model including only fish intake, and (ii) the more complex models developed by including potential confounding variables sequentially. Intake reference category: less than one portion of fish per week.
